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University of Arizona, Tucson, ArizonaABSTRACT Gene transcription by the enzyme RNA polymerase is tightly regulated. In many cases, such as in the lac operon
in Escherichia coli, this regulation is achieved through the action of protein factors on DNA. Because DNA is an elastic polymer,
its response to enzymatic processing can lead to mechanical perturbations (e.g., linear stretching and supercoiling) that can
affect the operation of other DNA processing complexes acting elsewhere on the same substrate molecule. Using an optical-
tweezers assay, we measured the binding kinetics between single molecules of bacteriophage T7 RNA polymerase and
DNA, as a function of tension. We found that increasing DNA tension under conditions that favor formation of the open complex
results in destabilization of the preinitiation complex. Furthermore, with zero ribonucleotides present, when the closed complex is
favored, we find reduced tension sensitivity, implying that it is predominantly the open complex that is sensitive. This result
strongly supports the ‘‘scrunching’’ model for T7 transcription initiation, as the applied tension acts against the movement of
the DNA into the scrunched state, and introduces linear DNA tension as a potential regulatory quantity for transcription initiation.INTRODUCTIONThe process of transcription initiation involves major
mechanical deformations of enzyme and substrate as the
initially bound RNA polymerase (RNAP) complex peels
open the DNA double helix, exposing the DNA bases that
are ready for templating with incoming ribonucleotides
(rNTPs). In the case of the single-subunit bacteriophage
T7 RNA polymerase (T7 RNAP), these large-scale struc-
tural changes within the DNA are thought to drive the con-
version from the initiation complex (IC) into the elongation
complex, resulting in messenger RNA (mRNA) transcript
production (1). These transcripts ultimately program the
ribosome for appropriate protein synthesis. Recently, inves-
tigators have made great advances toward discerning the
precise mechanical coupling of events during initiation by
T7 RNAP. For example, high-resolution crystal structures
of the T7 RNAP complex have been determined in a number
of intermediate states, notably the elongation (Protein Data
Bank (PDB) ID: 1MSW) (2) and preinitiation complexes
(PDB ID: 1QLN) (3), and more recently of complexes on
the verge of transition into productive elongation (PDB
IDs: 3E2E and 3E3E) (4). These structures clearly show
that the protein and the DNA template undergo a dramatic
rearrangement between preinitiation and elongation (2).
The mechanism by which this overall structural shift
occurs in the DNA, leading to protein switching, has been
the subject of intense study (1,5–8). In question is the
finding emerging from structural data that the IC can only
accommodate 3 nucleotides (nt) of mRNA before stericSubmitted July 24, 2010, and accepted for publication November 15, 2010.
*Correspondence: G.M.Skinner@tudelft.nl or visscher@physics.arizona.edu
Gary M. Skinner’s present address is Delft University of Technology,
Faculty of Applied Sciences, Delft, The Netherlands.
Editor: David P. Millar.
 2011 by the Biophysical Society
0006-3495/11/02/1034/8 $2.00clashing with the amino-acid residues surrounding the
active site occurs. This implies that before the RNA can
extend further, some element of the protein/DNA complex
must deform locally to enable production of nascent tran-
scripts of >3 nt. Precisely how the enzyme links opening
of the DNA double helix to rearrangement of the larger
protein structure remains a matter of debate. This debate
has focused on a small set of potential models—the
so-called scrunching, translation, and rotation models—for
the mechanistic pathway of this transition (1). A recent set
of single-molecule experiments using Fo¨rster resonance
energy transfer (FRET) (5) and magnetic tweezers (9)
have provided strong evidence in favor of the scrunching
model for the DNA motions (1) during this step. This tenta-
tive structural picture of the preinitiation complex indicates
that the DNA molecule is highly bent (~80 about the
promoter sequence), and ~8 DNA base pairs are opened in
the initially formed transcription bubble (see Fig. 4) (6).
Given that such large-scale shifts from the equilibrium
B-DNA structure are thought to occur within the preinitia-
tion complex, we sought to determine what effect mechan-
ical DNA tension has when applied to the preinitiation
complex. Single-molecule mechanical studies of the binding
of proteins to DNA are well established (10,11), and a recent
series of optical-tweezers experiments addressed the DNA
tension dependence of restriction enzyme binding, a
common model system used to investigate protein-DNA
interactions (12–14). From these studies, a theme has
emerged that DNA tension can have a pronounced effect
upon protein-DNA interactions that involve bending, wrap-
ping, and/or looping (e.g., EcoRV). In contrast, enzymes
that do not change the underlying DNA structure (e.g.,
BamHI) appear to be largely insensitive to the application
of DNA tension (12).doi: 10.1016/j.bpj.2010.11.092
FIGURE 1 Side view of the three-bead assay for observing T7 RNAP-
DNA interactions. A single DNA molecule of ~19 kbp is suspended
between two optically trapped beads. The DNA contains the T7-F13
promoter at ~10.8 kbp from the end downstream of the promoter. The
DNA is brought into contact with a surface-bound bead coated in T7
RNAP, and a 50 Hz triangle-wave function of amplitude 400–600 nm is
applied to the upstream bead. (A) When the DNA is free of the surface,
the 50 Hz motion is detected in the downstream bead. (B) However,
when the polymerase binds to the DNA, the two optically trapped beads
become decoupled and the motion in the downstream bead ceases (an
example of an association/dissociation cycle is indicated by gray arrows
in the data trace). The downstream DNA tension, F, during a binding
event can be determined from the bead displacement from the trap center,
dbead, using the optical trap stiffness, ktrap. (A full-color version of this
figure is available online.)
DNA Tension Affects T7 RNAP Initiation 1035The possibility that tension can strongly affect the
binding of proteins to DNA also has implications for our
understanding of the regulation of gene expression, because
it means that DNA tension can now be considered as
a parameter in the cell circuitry that controls the decision to
express a gene. As we show here, RNAP ICs are sensitive to
underlying DNA tension, and therefore we should begin
to look for examples of such a mechanism playing an active
role in metabolic regulation inside the cell, perhaps as
a result of the large-scale structural DNA changes induced
by variable DNA packaging within heterochromatin (15).
According to the twin-domain model (16), as polymerase
molecules move along DNA, during either transcription
or replication, they introduce positive torsional strain into
the downstream DNA and negative torsion upstream. The
DNA can absorb this torsion by forming plectonemic super-
coils, resulting in contraction of the DNA length (17,18).
Because many parts of the chromosomal DNA are physi-
cally tethered to locations within the nucleus (e.g., by inter-
actions with the lamina envelope (19)), such a collapse will
naturally lead to areas of localized linear tension within the
DNA molecules, perhaps inhibiting further transcription
initiation. Of interest, it has been noted that these laminar-
associated domains are areas of reduced levels of transcrip-
tion (19), which may at least in part be explained by
increased local tension within the DNA. A recent study
(20) also showed that DNA tension can have an effect on
protein-mediated DNA looping, an important mechanism
that regulates gene expression.
As a means to further understand the potential effect of
linear DNA tension on transcription regulation, we directly
probed the tension-induced response of the T7 RNAP IC
using a single-molecule optical-tweezers assay. We chose
to use T7 RNAP for this study because it is a single-subunit
protein that requires only a promoter sequence and a supply
of rNTPs to initiate and complete all of the canonical stages
of DNA transcription. This makes it an excellent model
system for developing new methods to study the funda-
mental properties of transcription.
For this experiment we employed a single-molecule
optical-tweezers method that was previously used to record
the first direct observations of transcription initiation by an
RNAP (21). A detailed description of the experiment is pre-
sented in theMaterials andMethods section. Briefly, a single
DNAmolecule containing the T7-F13 promoter at its center
(Fig. 1) was suspended between two optically trapped micro-
spheres. A third bead, sparsely coated with active T7 RNAP,
was immobilized on the microscope coverslip surface. The
tetheredDNAmoleculewas thenmaneuvered so as to contact
the surface-bound bead, and a triangle-wave oscillation was
applied to the bead upstream of the promoter. When the
DNA was free of the surface, the transmitted signal from
the upstream to the downstream bead was recorded by back
focal plane interferometry (22,23) (Fig. 1 A). However,
when the T7 RNAP bound to the DNA, the two opticallytrapped beads became mechanically decoupled, resulting in
interruptions in the motion of the downstream bead
(Fig. 1 B). From these records (Fig. 2) we measured both
the lifetime of the interaction, t, and the tension, F, acting
on the downstream DNA during each binding event.MATERIALS AND METHODS
Dual-beam optical-tweezers apparatus
For this study we used a custom dual-beam optical-tweezers instrument.
Two optical traps were created by passing an Nd:Yag 1064 nm laser
beam through a polarizing beam splitter. The orthogonally polarized
components were sent along separate paths, allowing independent beam
steering by piezo-mounted mirrors, and were then recombined by a second
polarizing beam splitter before they entered the microscope. A second,
near-infrared laser beam for detection was co-aligned with one of the two
optical traps and used with a four-quadrant photodiode detector to enable
monitoring of bead position by back focal plane interferometry (22,23).
Samples were introduced into a custom-built flow cell with inlets/outlets
connected to a 500 mL Hamilton syringe, mounted in a syringe pump, to
allow for fine tuning of flow speeds within the flow cell.Construction and tethering of differentially
end-labeled DNA containing the T7-F13 promoter
To make the DNA molecule for this study, we performed a series of restric-
tion digests and terminal transferase labeling reactions using the full-length
T7 genomic DNA (Sibgene, Derwood, MD) as the starting material. The
T7-F13 promoter was used because there are no other T7 RNAP promoters
in either direction on T7 DNA for at least 5000 bp. This was done to ensureBiophysical Journal 100(4) 1034–1041
FIGURE 2 Samples of binding events at a range
of tensions, with and without ribonucleotides.
Examples of promoter binding events at a range
of tensions: (A) in the presence of all four rNTPs
at 250 mM, with the T7 RNAP in the ICn % 8
open complex; and (B) with zero rNTPs with the
T7 RNAP in the closed complex. The data were
obtained by monitoring the positions of the
passive, downstream bead. Binding is seen as an
interruption of the 50 Hz signal transmitted from
the upstream bead.
1036 Skinner et al.that during the single-molecule DNA experiments, the same promoter
sequence would be probed every time.
The genomic T7 DNA (39,937 bp) was digested overnight with PmlI
(New England Biolabs, Ipswich, MA), yielding two fragments of 38,060
and 1877 bp. This DNA was purified by ethanol precipitation, and then
terminal transferase (Invitrogen, Carlsbad, CA) was used to add digoxige-
nin-11-dUTP (Roche, Indianapolis, IN) to the 30 ends of the DNA according
to the manufacturer’s instructions. After 1 h of incubation at 37C, an
excess of dideoxy-TTP (Roche) was added and then incubated at 37C
for a further 2 h to block any further labeling of the 30 ends of the DNA.
The terminal transferase and unincorporated nucleotides were removed
from the DNA by standard ethanol precipitation. The DNA was resus-
pended in 10 mM Tris.Cl pH 8.0, 1 mM EDTA. This digoxigenin-labeled
DNA was then digested overnight with StuI (New England Biolabs),
yielding three fragments of 19,039, 19,021, and 1877 bp. After purification
of the DNA by ethanol precipitation, a second terminal transferase reaction
was performed, this time with addition of biotin-14-dCTP to the unblocked
30 ends (Invitrogen). After another incubation for 1 h at 37C, an excess of
dideoxy-TTP was added and incubated for a further 2 h to block the 30 ends.
The DNAwas again ethanol-precipitated and then digested overnight with
BclI (New England Biolabs), yielding four fragments of 19,039, 10,710,
8311, and 1877 bp. Of these, only the 19,039 bp fragment had biotin on
one end and digoxigenin on the other, and thus was the only molecule
capable of forming tethers in our experiment. After this final step, the
DNA was purified and stored at 4C in 10 mM Tris.Cl pH 8.0, 1 mM
EDTA until required.
For tethering, this DNA was added to binding buffer (10 mM Tris.Cl
pH 8.0, 1 mM EDTA, 200 mM NaCl) including 4  103% (w/v) solids
1.0 mm streptavidin polystyrene latex spheres (Bangs Labs, Fishers, IN)
that had been washed with the same buffer. After incubation for 1 h at
4C with gentle agitation, this bead/DNA mix was further diluted 20-fold
into binding buffer supplemented with 1.6  104% (w/v) solids 0.8 mm
anti-digoxigenin-coated polystyrene latex spheres made by coating alde-
hyde sulfate beads (Interfacial Dynamics, Eugene, OR) with anti-digoxige-
nin Fab fragments (Roche) according to the manufacturer’s instructions.
This mixture was then used to tether the DNA in the optical-tweezers
experiment. The DNA concentration used was determined empirically
such that tethers formed within ~10 min, and single-molecule tethers
formed>25% of the time, as determined by observing the apparent contour
length of the tether. For tethering of DNA, we introduced the above DNA/
beads mixture into the flow cell and captured a 1.0 mm bead in one of the
optical traps and a 0.8 mm bead in the other. After the beads were brought
close together (<0.5 mm apart), we checked the tether status every few
minutes by moving the bead upstream apart from the downstream bead
and observing displacement of the downstream bead due to the DNA
connection. Once formation of a single-molecule DNA tether was
completed, the buffer was exchanged for transcription buffer (see below)
supplemented with 250 mM of all four ribonucleotides (Roche). We thenBiophysical Journal 100(4) 1034–1041proceeded to probe the T7 RNAP beads on the coverslip surface for activity
(see below).Overexpression, purification, and immobilization
of active molecules of T7 RNAP on surface-bound
2.8 mm beads
Histidine-tagged T7 RNAP (htT7 RNAP) was expressed and purified with
the plasmid pDL21 (24), which was transformed into ready-competent
stocks of E. coli strain BL21 (EMD Chemicals, Gibbstown, NJ). This
plasmid encodes two hexa-histidine tags at the N-terminus of the protein.
Starter overnight cultures were inoculated with single colonies picked
from agar/carbenicillin plates. Lysogeny broth/carbenicillin cultures (1 liter)
were inoculated from these overnight cultures and then grown at 37C until
the OD600 reached ~0.4–0.5, at which point expression of htT7 RNAP from
the lacUV5 promoter was initiated by addition of IPTG to a final concentra-
tion of 1 mM. These cultures were then grown for a further 6 h and the cells
were harvested by centrifugation at 12000  g for 10 min. The htT7 RNAP
was then purified from these cells with the use of TALON cobalt columns
(Clontech/BD Biosciences, Mountain View, CA) according the manufac-
turer’s instructions. The final eluate was dialyzed overnight against
1TBS, 10% glycerol, 1 mMDTT, then aliquoted and stored at20C until
use. For immobilization of the htT7 RNAP, 2.8 mm protein-A coated poly-
styrene latex (Spherotech, Lake Forest, IL) spheres were washed three times
with transcription buffer (40 mM Tris.Cl pH 8.0, 50 mM NaCl, 6 mM
MgCl2, 1 mM DTT). After washing, the 2.8 mm beads were resuspended
in transcription buffer supplemented with an excess of mouse anti-His6
IgG2a (GE Healthcare, Piscataway, NJ). This mixture was then incubated
for 1 h at 4C with gentle agitation to allow the antibody to bind to the im-
mobilized protein-A. The beads were then washed three times with tran-
scription buffer and resuspended in transcription buffer supplemented
with the htT7 RNAP. The solution concentration of htT7 RNAP required
to yield a reasonable population of active surface beads was determined
empirically such that one out of every ~10 beads yielded interactions in
the single-molecule assay. In a previous study (21), we found that beads
treated in this way, with no htT7 RNAP present, showed no signs of surface
interaction with DNA in single-molecule experiments. We also assayed
these htT7 RNAP-coated beads as a suspension and found that they main-
tained their enzymatic activity (21). The beads were incubated for 1 h at
4C to allow the histidine-tagged protein to bind to the anti-histidine anti-
body, and then washed again three times with transcription buffer. The
htT7 RNAP-coated beads were introduced into the single-molecule flow
cell, the coverslip of which had been precoated with nitrocellulose by appli-
cation of 0.1% nitrocellulose in amyl-acetate. The protein-coated beads
were allowed to bind to this surface for 10 min, after which time the flow
cell was passivated by incubation with 2 mg ml1 acetylated bovine serum
albumin (Sigma, St. Louis, MO) in transcription buffer for 10 min.
DNA Tension Affects T7 RNAP Initiation 1037Detectionandmeasurementof interactionsbetween
surface-bound T7 RNAP and single DNAmolecules
Once an appropriate DNA tether had been formed (see above), it was maneu-
vered so that it justmade contactwith a surface-boundbead decoratedwith T7
RNAP. We found that it was easier to accomplish this by approaching the
surface bead from the side than from above as in our previous study (21).
The 50 Hz oscillation was initiated and the DNA was slowly scanned past
the surface bead until interaction events were detected. At this point, an auto-
mated calibration routine was initiated to calibrate the position sensitivity of
our detector and tomeasure the trap stiffness.During calibration, theupstream
bead was moved closer to the downstream bead to relax the DNA to zero
tension and ensure accurate measurement of the trap center. The 50 Hz oscil-
lation was then resumed for 1 min to collect calibrated interaction events.
After 1 min of measurement, the calibration was performed again to compen-
sate for any instrumental drift that might otherwise affect the measurements.
The DNA tension during the interactions was changed by altering either the
initial end-to-end length of the DNA or the trap strength. An edited movie
of a typical experiment is available as Movie S1in the Supporting Material.
We did not see any interaction events when a surface bead that was devoid
of T7 RNAP was probed in the same manner (21), and the observed interac-
tions always occurred at a discrete location within the oscillatory cycle.
Furthermore, only a slight lateral offset in the relative positions of the DNA
tether and theT7RNAP-coatedbead resulted in complete cessationof binding
events, even when significant regions of the DNAwere still able to interact
with the surface bead. If any nonspecific binding events occur in our experi-
ment, they must be much shorter than the time between triangle-wave oscil-
lations. We therefore conclude that all of the interactions we observe are
specifically between the T7 RNAP and its promoter sequence. From these
interaction events we are able to quantify the dissociation kinetics of the T7
RNAP-DNA interactionat a rangeof tensions andunder different biochemical
conditions. We are not able to similarly evaluate the association kinetics for
these interactions because the concentrations of interacting species play
a strong role here. For example, the single-molecule nature of our experiment
makes it impossible to quantify the local effective promoter DNA concentra-
tion. Therefore, we restrict our quantitative analysis of the stability of the T7
RNAP-DNA interaction to evaluating the changing dissociation kinetics. We
do not believe that the remaining oscillations upstream of the promoter site
have a significant effect on the tension dependence measured. The crystal
structures of T7 RNAP DNA complexes at various stages (2–4) indicate
that upstream promoter DNA contacts remain until the enzyme has entered
elongation, essentially decoupling the upstream and downstream events. As
a test, we further evaluated the lifetimes that were obtained at similar down-
stream tension with rNTPs present but at different phases in the oscillatory
cycle (which leads to different upstream tension fluctuations). We found the
mean lifetimes to be statistically indistinguishable.
Discrimination of RNAP-DNA interaction events
We scanned calibrated data traces of the motion of the downstream bead
using custom-written LabVIEW tools (National Instruments, Austin, TX).
Interaction events were classified as periods in which movement of the
bead deviated from the expected 50 Hz motion, and events of <5 ms dura-
tion were discarded. For each event, we established the start and end times
to within 2 ms using a digital ruler. We determined the tension values by
measuring the mean bead position during each event.
RESULTS
Tension reduces the interaction lifetimes
of T7 RNAP/promotor DNA ICs
in the presence of ribonucleotides
The first experiment was performed in a solution containing
250 mM of all four rNTPs. These were the same conditionswe used in our previous lower-tension study (<0.5 pN) of
T7 RNAP/promoter DNA interactions (21), in which we
observed that ~1% of the complexes proceeded into an elon-
gation mode and synthesized gene length mRNA transcripts.
It was previously reported that under these buffer conditions,
the open complex (see Fig. 4 A) is strongly favored, ~80% of
events, over the closed one (see Fig. 4 B), ~20% of events, at
close to zero tension (7). In total, 699 binding events were
recorded in the presence of all four rNTPs; example traces
at a range of tensions are shown in Fig. 2A, and all event life-
times and associated DNA tensions are shown in Fig. 3 A.
In this range of tension, we did not observe transition into
productive elongation. This implies that our T7 RNAP/
DNA complex remained in one of the ICn % 8 states, as it
is known that when the nascent transcript exceeds 8 nt in
length, the transition into the elongation complex is
triggered (1). Although we did not see the transition into
elongation in these higher-tension measurements, we deter-
mined by in vitro bulk assays that our enzyme is active on
these beads (21). Furthermore, our earlier study at lower
tensions (<0.5 pN) revealed productive transcription ~1%
of the time, marking this as a relatively inefficient process.
The lack of productive transcription in these higher-tension
measurements is likely a result of the strong sensitivity of
the open complex to appliedDNA tension, as discussedbelow.
Examples of T7 RNAP/promoter binding events across
this range of DNA tensions are shown in Fig. 2 A. These
data clearly display a striking decrease in the interaction
lifetimes of these complexes as the DNA tension increases.
The mean rate of dissociation (calculated as 1/mean lifetime)
of the promoter-bound complexes, kobs, ranges ~5-fold from
3 5 0.4 s1 at a tension of ~1 pN up to 16 5 7 s1, when
theDNA tension reached ~8pN (Fig. 3C). This tensiondepen-
dence is of interest because, as previously suggested by Jia and
co-workers (25), a determination of the bulk zero-load off-rate
(koff; Fig. 4) as~3 s
1 implies that a rate-limiting step leading to
dissociationmust increasewith tension to explain the observed
dissociation rates of up to ~16 s1. To test this hypothesis
further, we determined the dissociation rates in the absence
of rNTPs, when the closed complex is favored (7).Tension has less effect on T7 RNAP/promoter
DNA IC stability in the absence of rNTPs
To test the tension dependence of koff alone, we repeated the
experiment but omitted the rNTPs from the reaction solution
(Fig. 2 B). It has been reported that under these conditions,
the closed complex is strongly favored (~80%) over the
open enzyme/DNA complex (~20%) (7), enabling us to
measure almost solely koff. In total, we observed 1928 inter-
action events with zero rNTPs (Fig. 3 B), encompassing
a tension range of ~1 pN up to ~8 pN. Not surprisingly,
under these conditions we saw no transitions into productive
elongation. Examples of these binding data, obtained at
a range of DNA tension levels, are shown in Fig. 2 B. InBiophysical Journal 100(4) 1034–1041
FIGURE 3 Effect of DNA tension on T7 RNAP/
promoter DNA dissociation rates. Here are plotted
the measured downstream DNA tension, F, and the
loge lifetime of each interaction event for both the
(A)þrNTPs case, with median 25% and 75% quar-
tiles for the best kinetic model as determined by
information criterion tests, and (B) the rNTPs
case, along with median 25% and 75% quartiles
for the best model as determined by information
criterion tests. (C) For each 1 pN tension bin
(grayscale/color-coded), the mean lifetime of the
interactions is plotted as a function of DNA tension
for both þrNTPs (black squares) and rNTPs
(open squares). On top of these data, we plot the
predicted mean lifetimes of the interactions
for þrNTPs (solid line) and rNTPs (dotted line)
using the fit parameters from Table 1. The error
bars represent standard errors of the mean. (A
full-color version of this figure is available online.)
1038 Skinner et al.comparison with the þrNTP case (Fig. 2, A and B), the
weaker tension dependence is striking. Of interest, in the
absence of rNTPs, the observed dissociation rate kobs ~ koff
is higher than the zero-load bulk koff as determined by Jia
and co-workers (25), even when tensions are low (~1 pN),
where we measure kobs to be 18.5 s
1 (Fig. 3 C). However,
it is important to note that we cannot probe koff at zero
load in this optical-tweezers experiment. All of our observa-
tions of kobs occur with some non-zero tension in the DNA
molecule, and if koff were load-dependent, we would expect
to measure a higher rate with increasing tension.DISCUSSION
Tension dependence of biochemical rates
Our measurements in the absence of rNTPs demonstrate that
koff is only weakly dependent on tension (Fig. 3 B). The
Spearman’s rank-correlation coefficient is 0.17 (versus
0.40 in the þrNTPs experiment), indicating a tension
dependence that is much weaker but still significant past
the 99% confidence level. In the presence of rNTPs, the
mean observed rates of dissociation increased by ~5-fold,
from 35 0.4 s1 to 165 7 s1, when tension was increased
from 1 pN to ~8 pN (Fig. 3 C). In the absence of rNTPs, koff
remained close to ~16 s1 at all tensions measured (Fig. 3C).Biophysical Journal 100(4) 1034–1041To further determine the nature of the tension dependence,
we evaluated the relative fitness of the various possible
kinetic models using information theory (26). We estimated
the rates and distances to the transition state by fitting the
wait-time probability distribution function, w(t), shown
below, to the data by numerically maximizing the likelihood
using the ga() function of MATLAB (The MathWorks,
Natick, MA) with the constraint that the rates be positive:
wðtÞ ¼ k23
2C
,

e
1
2ðk21 þ k12 þ k23 þCÞtð  k12 þ k21 þ k23 þ CÞ
þ e12ðk21 þ k12 þ k23CÞtðk12  k21  k23 þ CÞ

Where C ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4k12k23 þ ðk21 þ k12 þ k23Þ2
q
For convenience, we adopted the reaction enumeration
scheme:
Where k12 ¼ kclose; k21 ¼ kopen and k23 ¼ koff (see Fig. 4).
Tension dependence was modeled by substituting the Arrhe-
nius transition-state approximation kij ¼ k0ijefd=kBT for the
rates in the system, where d is the distance to the transition
FIGURE 4 Tension-dependent dissociation of T7 RNAP from the
promoter in the context of existing models of preinitiation complexes.
This cartoon of the steps involved in T7 RNAP DNA binding and formation
of the preinitiation complex was drawn based on previous structural and
biochemical data (5–8). In all cases, the template strand is shown in dark
gray (blue online) and the nontemplate strand is in light gray (green online).
(A) Open complex. In the presence of the initiating nucleotide (GTP (8)), the
DNA is open, scrunched, and bent 80, and the DNA end-to-end length
is Dx ¼ ~2.5 nm shorter than free DNA (5–8). (B) Closed complex. The
DNA is closed and bent 50, and the DNA end-to-end length is Dx ¼
~1.4 nm shorter than free DNA (5–8), dissociation of this leads to free T7
RNAP and DNA (C), with the transcription start site (þ1) and direction of
promoter indicated. Under downstream tension of 1 pN, kobs is ~3 s
1, and
increasing tension (F) increases kobs up to ~16 s
1 at ~8 pN. kobs is the
observed rate of unbinding. In the absence of rNTPs, kobs is ~16 s
1 across
the tension range. (A full-color version of this figure is available online.)
DNA Tension Affects T7 RNAP Initiation 1039state. We tested all possible combinations of tension depen-
dence and selected the best ones by information criterion
tests. Both AIC (27) and BIC (28) yielded the same result.
To correct for the possibility that short events would be
missed, we followed the procedure described by Koster
et al. (29) and renormalized the pdf by a different factor at
each tension. Table 1 shows all of the relevant rates and
distances to transition states for the tension-sensitive steps
as derived by these fitting procedures. The full derivation
of this pdf is included in the Supporting Material.
To determine the raw value for koff, we first applied this
fitting procedure to the rNTP data set, under which condi-
tion the closed complex is favored. Under this condition,
dissociation occurs primarily by koff, and we therefore
expect that here koff z kobs (7). The best model was one
in which the transition to the closed complex was not
tension-dependent but the final dissociation step koff was
weakly dependent upon tension, with the zero-load ratesTABLE 1 Kinetic parameters determined from fitting
Experimental condition kopen (s
1) kclose (s
1)
rNTPs 0.515 0.12 3.35 0.38
þrNTPs 6.65 1.11 2.35 0.36
Rates, k, and distances to the transition state of the relevant tension-dependent
*dclose was not determined in the rNTPs experiment because this step was fou
yValues for koff and doff are carried over from the rNTPs fit because previous bu
Standard errors of the fit parameters are from 100 bootstrap fitting replicates inbeing kopen ¼ 0.51 5 0.12 s1, kclose ¼ 3.3 5 0.38 s1,
and koff ¼ 8.8 5 1.12 s1 (Table 1), and with the distance
to the dissociation transition state, doff, being 0.69 5
0.15 nm. The standard errors for these values were obtained
by means of 100 bootstrap fitting replicates (30). This value
for doff is consistent with previous FRET measurements that
revealed an end-to-end DNA length change induced by T7
RNAP binding to form the closed complex of 1.4 nm (7).
This zero-load rate for koff is in reasonable agreement with
the equivalent rate measured using bulk stopped-flow
methods (3.4–4.0 s1 (25)). The slow rate of open complex
formation is consistent with bulk biochemical data indi-
cating that the closed complex predominates in the absence
of rNTPs (7). The median lifetimes for this model, along
with 25% quartiles, are plotted as solid lines in Fig. 3 B.
We treated the þrNTPs data in the same way, first
assuming that koff in the þrNTPs experiments is the same as
in the rNTPs experiments (in this case, 8.8 5 1.12 s1),
because it is believed that the presence of rNTPs influences
only the transition to the open complex and not dissociation
of the closed complex (7). The best kinetic model found by
this procedure is one in which both kclose and koff are tension-
dependent: kopen ¼ 6.6 5 1.11 s1 (this 12-fold increase
in kopen is consistent with the bulk biochemical data showing
that the open complex predominates in the presence of
rNTPs (7)) and kclose ¼ 2.3 5 0.36 s1, with the distance
to the closing transition state, dclose, being 0.765 0.07 nm
(Table 1). This value for dclose is also consistent with
previous FRET results indicating that formation of the
open complex decreases the end-to-end length of the DNA
by 1.1 nm; as discussed above, koff is constrained to be 8.8
5 1.12 s1, and doff remains 0.695 0.15 nm. The median
lifetimes and associated 25% quartiles for this model are
plotted as solid lines in Fig. 3 A. We also fitted
the þrNTPs data while allowing koff to be a free fitting
parameter, but this resulted in a model that provided koff
rates that were inconsistent with the kobs we observed in
the rNTPs experiment. To further illustrate how this
best-fit model compares with other alternative models, we
have provided an example plot of a worse fit in Fig. S1. In
this case, we first fit therNTPs constraining koff to be inde-
pendent of tension, and then used the resulting values for koff
and doff to constrain the fit for the þrNTPs case, where we
allowed kclose to be force-dependent.
By employing a trigonometric approximation to relate
bending angles and changes in end-to-end distance (12),dclose (nm) koff (s
1) doff (nm)
–* 8.8 5 1.12 0.695 0.15
0.765 0.07 8.8 5 1.12y 0.695 0.15y
steps, d, are shown.
nd to have no tension dependence under these conditions.
lk biochemical studies showed that koff is largely independent of rNTPs (7).
both cases (30).
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distances. We take the average interphosphate distance of
double-stranded DNA and single-stranded DNA to be
0.34 nm and 0.59 nm, respectively. Treating a 30-base
promoter sequence as being kinked by T7 RNAP, we esti-
mate from the distance to transition state doff in Table 1
a 42 angle of transition state, in reasonable agreement
with previous estimations (7). It is worth keeping in mind
that the trigonometric approximation will slightly overesti-
mate bending angles because it does not account for the
persistence of the bend in DNA away from the region of
contact with RNAP. For example, the estimated angle drops
slightly (to 37) if we instead treat the bent region as being
40 bases long. If we approximate the change in end-to-end
distance between the unbound state and the open complex
as the sum of doff and dclose, and assume that the length of
the bent sequence remains equal to that of double-stranded
DNA, we estimate the angle of DNA bending in the open
complex as being 62. The distances in Arrhenius theory
are distances to the transition state and not the change in
end-to-end distance. Since dclose is the distance from the
(fully bent) open complex to the open-closed transition
state, the distance from this transition state to the closed
complex cannot be estimated from the Arrhenius rate
theory. Summing the distances as we do yields an underes-
timate of the overall change in end-to-end distance and thus
underestimates the total bend angle in the open complex.
Our 62 angle obtained by summing the two transition-state
distances is thus compatible with the 86 angle estimated by
Tang and Patel (7).
All of these models are complicated by the fact that in
our þrNTPs experiment, the open complex is not a single
biochemical state. As a result of the presence of all four
nucleotides, its time evolution is non-Markovian. The
stability of the complex increases with time because the
enzyme resides in this state due to synthesis of the nascent
RNA chain forming a stabilizing heteroduplex (1). Never-
theless, the best-fit model shows a strong tension depen-
dence for kclose in the presence of rNTPs, and weaker
tension dependence for koff regardless of the presence of
rNTPs. Further dissection of the tension dependence of the
various substates of the open complex will require further
experiments in which the initially transcribed sequence is
altered to enable application of tension to each ICn complex
(where n is the number of nucleotides in the nascent RNA
chain, and ranges from 1 to 8 nt (1)).
Whereas previous single-molecule experiments probed
RNAP elongation against applied forces, in this work we
show that the stability of the T7 RNAP preinitiation
complex depends on tension, thus introducing DNA tension
as a viable quantity for controlling transcription initiation.
Elongation rates have been shown to remain predominantly
independent of force up to ~20 pN for T7 RNAP (31) and E.
coli. In particular, previous studies of E. coli showed that
24–27 pN of force was required to slow elongation toBiophysical Journal 100(4) 1034–1041half-maximum velocity (32,33). Transcription initiation
appears to be considerably more tension-sensitive, because
low to moderate tensions of ~8 pN were sufficient to
increase complex dissociation by fivefold, and above 12 pN
we saw no interactions at all. Such moderate tensions are not
expected to affect the secondary structural integrity (base-
pairing and/or stacking) of the DNA template, since the
overstretching transition occurs at much higher forces of
~60 pN (34). Rather, these forces may affect T7 RNAP-
DNA interaction via T7 RNAP-mediated local DNA
bending and melting (Fig. 4). It is known that T7 RNAP
strongly bends the promoter DNA by ~80 in the open
complex, shortening the end-to-end length of the DNA by
2.55 1.4 nm (7), as well as melting and scrunching a signif-
icant number of basepairs (1). We propose that the work
done by applied tension against this perturbed DNA struc-
ture reduces the stability of the open preinitiation complex
(Fig. 4 A). Our result confirms previous findings that T7
RNAP initiation involves a scrunched intermediate, as one
would indeed expect the application of tension to the
DNA to disfavor the formation of such a structure (1). In
consequence, the decreased stability of this obligate state
on the pathway to mRNA production would ensure that
the promoter DNA experiencing such tension would yield
less mRNA transcripts, thus reducing the overall level of
expression from the gene in question. Gene expression in
higher organisms may well be similarly tension-dependent,
as transcription initiation here also involves significant DNA
bending, melting, wrapping, and/or looping, giving rise
to appreciable tension (35,36). Therefore, our finding
that tension alone can control gene expression may have
profound implications for our understanding of the control
of gene expression in general, introducing DNA tension as
a regulatory quantity into the in vivo environment.
Of interest, our findings may also aid in efforts to achieve
deliberate artificial control over the production of gene
products from bioengineered devices, such as gene brushes
(37) incorporating arrays of DNA molecules attached to
some method of mechanical stretching (e.g., optical or
magnetic tweezers).
In conclusion, we propose that DNA tension is a viable
parameter to be considered when addressing the question
of regulation of gene transcription initiation. Such tension
control could be important not only for intracellular
processes but also for facilitating effective artificial control
of DNA expression by purely mechanical means.SUPPORTING MATERIAL
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